Abstract: Little is known about the influence of soil pedogenesis and reclamation practices on the chemical composition of soil organic matter (SOM) in eroded Oxisol. We examined the long-term influence of pedogenesis and 8 years of a reclamation practice on SOM in the top 5 cm of an artificially eroded Oxisol of Brazil. The experimental site involved replicated treatments established under native vegetation, and an adjacent site whose top 8.6 m had been removed mechanically (eroded reference). The eroded Oxisol was under reclamation with native tree and grass species, and addition of sewage sludge. Pyrolysis field ionization mass spectrometry was used to characterize SOM. The abundance of most classes of SOM and soil carbon decreased in the following order: native > reclaimed >> eroded soil. Relative to the eroded reference, SOM in the native soil was highly humified and stabilized by inorganic colloids of iron, aluminum, and silicon. Humified and thermally stable SOM in the native and reference eroded soils involved mostly alkylaromatics, lipids, phenols+lignin monomers, lignin dimers, and N-heterocyclics. The reclaimed soil SOM was less humified and less stable than the native Oxisol, showing significant contributions of carbohydrates, amino acids, and sterols derived from sewage sludge and plant residues.
Introduction
Soil organic matter (SOM) is central to sustaining and enhancing the quality and productivity of cultivated land . Organic matter (OM) influences water retention, soil fertility, and structural stability, and as such, SOM is often used as an indicator of soil quality and for the successful management of savannas (Feigl et al. 1995; Dexter 2004) . Chemical components of SOM, such as lipids and polysaccharides, influence soil aggregate and structure stability; amino acids and N-heterocyclics may be used as substrates for the biotic mineralization of soil organic nitrogen (N). Compounds of SOM, such as alkaloids, fatty acids, alkylamides, and polyphenols in SOM, represent metabolites of chemical signalling networks reflecting specific ecological functions in crop rhizospheres Schnitzer 2013, 2015) .
The change in land use from natural grasslands to cropped land greatly affects the structural stability and decreases OM content in Oxisols of Brazil (Zinn et al. 2005) and in Acrisols and Luvisols of Mexico and Mollisols of Canada (van Veen and Paul 1981; Monreal et al. 2005) . Intense conversion of forest to agricultural land has been a frequent land use change in areas of Brazil and other countries (Fearnside 1993) . In tropical areas, changes in land use shift the composition of vegetation, which in turn affects the amount and quality of SOM input and the diversity of soil macro-and microfauna and microbial communities (Lavelle and Pashanasi 1989; Johnson et al. 2003) . In general, agroforestry enhances nutrient storage after land conversion as compared with sole cropping systems in semitropical and tropical regions (Isaac et al. 2005; Monreal et al. 2005) . Determining the impact of human activities on SOM in the tropics is of interest owing to sustainability risks to food security associated with increased agricultural, deforestation, and urbanization activities (Hernández and López 2002) , and these activities can be examined using simulation models (Wendling et al. 2014) .
Building hydroelectric dams involves anthropogenic activities that remove native vegetation, soil profiles, and surficial geologic deposits and result in land flooding. These engineering activities may catalyze the beginning of ecosystem degradation. The loss of topsoil is central to landscape restoration. Although agricultural land use takes into account soil fertility in as much as it affects crop growth, topsoil is equally important for storing OM that supports biological diversity and activities essential for nutrient cycling and maintenance of soil health and natural conservation services. In general, anthropogenically eroded areas display low resilience such that they cannot return to their previous state or the return happens extremely slowly. When measures for recovery are not taken, soil degradation may continue for many years. Reclamation measures can focus on the landscape recovery and also on the maintenance of the productive potential of the affected zone (Taboada-Castro et al. 2009 ).
Little is known about the effects of man-made soil erosion and subsequent reclamation practices on the amounts and chemical quality of SOM in Oxisols of Brazil. The objective of this study was to determine the amount and chemical composition of SOM in an Oxisol under native vegetation and in an adjacent eroded Oxisol that has been under reclamation for 8 years with plants and sewage sludge addition. An Oxisol whose top 8.6 m was mechanically removed for building a nearby hydro dam was used as a reference soil treatment to study changes in SOM chemical composition by pyrolysis field ionization mass spectrometry (Py-FIMS).
Materials and Methods
Field research plots were established to test the hypothesis that pedogenesis and reclamation practices influence the amount and distribution of chemical structures of SOM in an Oxisol of Brazil.
Field location and climate
The experimental research plots were established on flat land at the Experimental Farm of the Faculty of Engineering, Campus de Ilha Solteira of the Universidade Estadual Paulista, São Paulo, Brazil, in February 2004. The site is located 327 m above sea level and at 51°22′W, 20°22′S. The average annual rainfall is 1370 mm, the air temperature is 23.5°C with a relative air humidity of 75%.
Soil and treatments
In 2004, field plots (12 m × 8 m) were established in a weathered Oxisol of sandy clay loam to sandy loam texture (EMBRAPA 2013) . The field experiment was set as a completely randomized block, with three soil treatments; each treatment was replicated four times. Treatment 1 involved mechanically induced soil erosion of a native Savanna soil, where the top 8.6 m (including the A horizon and part of the B horizon) of soil was removed. Treatment 1, which had no plant cover, was used as a reference eroded benchmark soil to study the amount and chemical changes of OM in the other two treatments. Treatment 2 (native Oxisol) involved an undisturbed Oxisol site under various plant species described in the subsequent section. Treatment 3 (reclaimed Oxisol) involved the mechanically eroded soil planted with tree and grass species together with addition of sewage sludge and lime. The research plots for Treatments 1 and 3 that were established in the eroded Oxisol on saprolite, have a less weathered regolith than the original native Oxisol (Kitamura et al. 2008; Taboada-Castro et al. 2009 ).
Vegetation and reclamation practice
Under soil Treatment 2, the native Oxisol had a permanent cover of mixed trees, including Curatella americana, Stryphnodendron adstringens, Byrsonima verbascifolia, and Astronium faxinifolium Schott. The last tree species are hardwood perennial species native to Brazil, belonging to the family Anacardiaceae. The soil plots undergoing the reclamation practice (Treatment 3) were planted with trees and grasses in year 1 of the study. The tree species was Astronium fraxinifolium Schott planted in a spacing of 3 m × 2 m to give a density of 25 trees plot −1 . The grass Urochloa decumbens Stapf was seeded at a rate of 16 kg ha −1 between the tree rows (3 m apart). The soil reclamation treatment also received a one-time addition of municipal sewage sludge (60 t ha −1 , dry basis) and a one-time addition of dolomite lime (CaO: 28-31% w/w; MgO: 18-21% w/w) applied at 2 t ha −1 in February 2004.
The sewage sludge and lime were incorporated and mixed into the soil with a plow to 20 cm depth, then harrowed and levelled. There was no vegetation growing in the reference eroded soil Treatment 1. Further details on other tillage equipment and operations, spatial distribution of plots, and some chemical and physical properties of the studied soils have been published earlier by Alves and Suzuki (2007) .
Soil sampling, sample processing and analysis
In 2012, soil samples were taken with a handheld core sampler (8 cm diameter) from the 0-5 cm soil depth, at 5   58  82  280  294   308   322   336   Total ion c   50  100  150  200  250  300  350  400  450  500  550  600  m / z five randomly selected locations inside each replicated treatment plot. For example, soil samples from the surface 0-5 cm depth were collected from the A horizon in the native site, and from the 0-5 cm depth of the saprolite soil substrate in the reclaimed and reference eroded Oxisols. The five samples taken randomly from each replicated plot were pooled together into a composite sample and mixed thoroughly to produce a representative soil sample. Collected soil samples were oven-dried at 105°C and ground to pass through a 100-mesh sieve before physical and chemical analysis.
Soil particle size analysis followed the pipette method (EMBRAPA 1997). Total iron (Fe), Fe 2 O 3 , and SiO 2 were analyzed by X-ray fluorescence spectrometry, and mineral components were microwave extracted with nitric acid and subsequently analyzed by inductively coupled plasma mass spectrometry (UH 2011 Bonini et al. (2015) . The concentration (%w/w) of carbon (C) and N were determined by dry combustion at the stable isotope laboratory of the University of Ottawa. The soil samples were weighed into tin capsules and flash combusted with oxygen at 1800°C and carried by helium through columns of reducing-oxidizing chemicals to get N 2 and CO 2 . The gases were separated by "trap and purge" of specific adsorption columns so that the thermal conductivity detector could detect each gas separately. The analytical precision is ±0.1% (http://www.isotope. uottawa.ca/techniques/quantitative-analysis.html#vario).
Py-FIMS
The SOM composition in samples collected from the 0-5 cm depth in the native, reclaimed, and reference eroded soil samples was investigated by Py-FIMS. Py-FIMS is a soft-ionization mass spectrometric method, which means there is little fragmentation, so that most signals volatized during pyrolysis from the soil sample are molecular ions. Briefly, 1 mg of sample was air-dried in a sample tube and then heated in the direct inlet system of a double-focusing mass spectrometer (Finnigan MAT 731, Bremen) under high vacuum (1 × 10 −4 Pa) from 50 to 700°C at a programmed linear heating rate of 10°C min −1 . Sixty mass spectra were recorded over the mass range m/z 15-900 Da. The signals in all spectra were integrated and plotted to yield a summed spectrum (Sorge et al. 1993) . For example, Figs, 1A-1C show that the total ion intensities (TII), normalized to 1 mg sample mass, were plotted against pyrolysis temperatures to yield thermograms (Schnitzer and Monreal 2011) .
Identification of mass spectrometric signals
The ion intensity of each mass spectrometric signal was computed from the mass spectra. The sum of all IIs was referred to as TIIs. The II of each signal identified was a semiquantitative estimate of its concentration. Identifications of the major signals in the Py-FIMS spectra were based on comparisons with data published in the literature and, when available, on compounds with known chemical structures.
Analysis of sugars and polysaccharides
The mass spectrometric method which we used for sugars has been previously reported by Schulten (1984) and Kögel et al. (1988) . The following mass signals were used for hexoses: m/z 126, 144, and 162; for pentoses: m/z 114 and 132; and for polysacchrides: m/z 60, 72, 82, 84, 96, 98, 110, and 112 . Hexoses include glucose, galactose, and mannose, while pentoses refer to arabinose and xylose.
Identification of the remaining m/z signals
The identification of the m/z signals due to other chemical classes of compounds was described previously by Hempfling and Schulten (1990) , Schnitzer and Schulten (1992) , Sorge et al. (1993) , Monreal (2011), Monreal and Schnitzer (2013) . Additional m/z values were identified with the help of the NIST chemical webbook (http://webbook.nist.gov) of the National Institute of Standards and Technology of the USA.
Statistical analyses
Analysis of variance (ANOVA) was conducted to determine significant differences in the content of soil inorganic and organic elements in the three Oxisol established treatments (Ferreira 2008) . Paired t tests were run to determine the significance level of differences of the mean values for each of the chemical classes of compounds observed between the native, reclaimed, and eroded soil management treatments.
Results

Soil texture
The native and reclaimed soils were sandy clay loam and the reference eroded soil was sandy loam. The content of clay in the native soil was 281 g kg −1 , in the reclaimed soil it was 289 g kg −1 , and 163 g kg −1 in the reference eroded samples. The content of sand was 597 g kg −1 in the native, 642 g kg −1 in the reclaimed soil, and 775 g kg −1 in the reference eroded samples. The content of silt was 122 g kg −1 in the native, 69 g kg −1 in the reclaimed, and 62 g kg −1 in the reference eroded soil samples.
Inorganic soil components Table 1 shows the content of Fe, Fe 2 O 3 , SiO 2 , and the Al+H species in the soil samples collected from the 0-5 cm depth of the three treatments. With the exception of Al+H species, the content of the inorganic elements and their mineral structures in soil samples were similar between the three soil treatments. The content of Al+H decreased in the following order: native > reclaimed > eroded.
Carbon and N content in soil and sewage sludge
The total content of C and N (% w/w, t ha −1 ) in the top 5 cm of the three Oxisol treatments is shown in Table 1 . The samples from the native site showed significantly higher content of both elements than the reclaimed and reference eroded soil samples. According to Tukey's test, the amounts of C and N in the reclaimed and reference eroded soil were similar, although their respectively. The annual production of Urochloa decumbens dry matter in the reclaimed soil was 25 672 kg ha −1 .
Although the annual production of dry plant matter was not measured in the native Oxisol, the range in production for aboveground biomass in a Cerrado biome with predominance of clayey Oxisol is similar to that measured in the reclaimed treatment (Lannes et al. 2012 ).
Thermal stability of SOM during sample pyrolysis
The thermal volatilization pattern of the total SOM in the native, reclaimed, and reference eroded Oxisol during sample pyrolysis is shown in the upper right corner of Figs. 1A-1C. The pyrolysis of the native Oxisol produced the highest intensity maximum exothermic volatilization peak near 450°C with a slight shoulder near~500°C (Fig. 1A) . In comparison, the pyrolysis of the reclaimed soil samples produced an intermediate intensity exothermic volatilization peak near 380-390°C, and a second maximum exothermic peak occurred near 450-460°C (Fig. 1B) . In the reference eroded samples, the single maximum exothermic volatilization peak of relatively lower intensity occurred near 460°C (Fig. 1C) . In this article, we defined thermolabile SOM as being represented by maximum peaks that volatilized at <440°C and thermostable SOM by maximum peaks that volatilized at >450°C (Monreal et al. 1997 ). The Py-FIMS analysis shows that the thermolabile and thermostable pools of SOM comprised different chemical classes of compounds (Tables 2-16 ). In all three Oxisol phases, the chemical classes contributing to the thermostable OM pool at >450°C are mostly alkylaromatics, lipids, phenols+lignin monomers, lignin dimers, and N-heterocyclics ( Figs. 2A-2C ). In addition, lipids and N-heterocyclics showed a second thermostable shoulder component at >500°C, especially in the native soil ( Fig. 2A) . Molecular examples of the thermostable SOM involved various derivatives of alkylbenzene, saturated and unsaturated fatty acids and alkanes, various phenols and lignin monomers, biphenyls, and phenylcoumarans (Tables 4, 7, 8, and 11) .
Chemical classes of compounds contributing to the volatilization of the thermolabile pools of SOM involved carbohydrates with an exothermal maximum peak near 320°C, and contributions of amino acids and sterols were observed from 390 to 400°C ( Figs. 2A-2C ).
Mass spectrometry of SOM
The Py-FIMS spectra of the native, reclaimed, and eroded soils are shown in Figs. 1A-1C, respectively. Each of the three spectra extends from m/z 10 to m/z 500, where m/z signals are well separated from each other. Noteworthy, the volatilized OM from the three soil samples appear to be free of relatively high molecular weight compounds (i.e., alkyl esters), which would be expected in the 600-900 m/z region.
We identified 12 chemical classes of compounds in each of the three soil treatments. These are listed in Tables 2-16 along with the ion intensities (IIs) for each organic compound identified in each class. The IIs stand for abundance of the organic molecular ions that were volatilized during pyrolysis. The chemical classes identified were carbohydrates, amino acids, phenols+lignin monomers, lignin dimers, alkyl aromatics (alkylbenzenes), flavonoids, n-alkanes+n-fatty acids (lipids), n-diols, N-heterocyclics, nitriles, sterols+steroids, and esters of suberins. The alkyl radicals are not considered a class by themselves, as they are formed during pyrolysis of long-chain aliphatics existing in SOM. In terms of the total chemical classes recovered from each Oxisol treatment, the Py-FIMS analysis of samples reported 32.8 × 10 6 counts mg −1 in the native samples, 29.4 × 10 6 counts mg −1 in the reclaimed samples, and 18.2 × 10 6 counts mg −1 in the reference eroded samples. In terms of the total chemical classes identified, these values correspond to 75% for the native soil, 67% for the reclaimed soil, and 42% for the reference eroded soil (Table 16 ). Overall, the abundance of chemical classes of compounds in all three Oxisol treatments decreased in the following order: lipids > N-heterocyclics >> nalkylbenzenes > phenols+lignin monomers > n-diols > lignin dimers > carbohydrates > flavonoids > amino acids > nitriles and other N compounds > sterols+ steroids > alkyl radicals >>> esters of suberin (Table 16 ). An inspection of the mass spectrometry data in Tables 2-16 shows that relative to the reference eroded Oxisol, the abundance of most chemical classes of compounds was often highest in the native samples, followed by those in the reclaimed soil samples. Interestingly, the abundance of carbohydrates and amino acids were highest in the reclaimed soil ( Table 2 ). The reference eroded samples had the lowest abundance of chemical classes of compounds. According to pairwise t test comparisons, the native soil samples had the highest abundance of lignin dimers, n-alkylbenzenes, flavonoids, n-diols, N-heterocyclics, nitriles, alkyl radicals, and sterols+steroids. The abundance of phenols + lignin monomers, lipids, alkyl radicals, N-heterocyclics, and esters of suberin was the same in the native and the reclaimed soil samples (Tables 2-16) .
Lipids and N-heterocyclics are by far the most abundant classes of compounds, with 20-480 times more content than the other chemical classes in the three Oxisol phases. Of the total identified m/z signals, lipids and heterocyclic-N comprised 26 and 19% in the native soil, 21 and 18% in the reclaimed soil, versus 14 and 11% in the reference eroded soil, respectively. The abundance of lipids and heterocyclic-N was followed by the abundance of lignin monomers and alkylaromatics, which were highest in the native > reclaimed > reference eroded soil. The abundance of lignin monomers and alkylaromatics was similar and ranged from 5 to 5.9% in the native and reclaimed soil samples, versus 3.5 to 3.7% in the reference eroded samples, respectively (Table 16) .
The other seven classes of compounds contributed to less than 3.5% of the total IIs in the three soils, with their abundance usually highest in the native > reclaimed > reference eroded samples. For example, the abundance of sterols, steroids, and esters of suberin represented less than 1% of the total identified m/z signals (Tables 14 and  15 ). The latter compound classes are important components of humic substances, plants, soil fungi, and roots. The abundance of these three classes was always highest in the native soil samples. The signals of cholestine (m/z 370), cholesterol (m/z 386), stigmastine (m/z 394), and campesterol (m/z 400) were the main contributors to the abundance of sterols and steroids of plant origin. The signals at m/z 432 and m/z 446 were the main contributors to esters of suberin, denoting the presence of root cell components. Ergosterol at m/z 396 represents a fingerprint for soil fungi, and it was highest in the native > reclaimed > reference eroded soil.
Contribution of individual m/z signals to key chemical classes
In the native and reclaimed Oxisol samples, the amounts of carbohydrates was closely associated with the content of hexoses and polysaccharides, and that of amino acids was associated with the content of acidic and aromatic amino acids (Tables 2 and 3) .
Lignin monomers were the main contributor (68%) to the total abundance of phenol+lignin monomer class (Tables 4 and 5) , with synapyl aldehyde, ferulic acid, syringyl aldehyde, and sinapyl alcohol being the four most abundant lignin monomers. Biphenyls contributed the most to the abundance of lignin dimers and they were almost 2.8 times greater than phenylcoumarans, with m/z 246 and m/z 260 being the most abundant organic species (Tables 6 and 7 ). The n-alkylbenzene class was dominated by the abundance of undecylbenzene (m/z 232) and decylbenzene (m/z 218) species, followed by dodecylbenzene (m/z 246) and tridecylbenzene (m/z 260), and other m/z signals (Table 8 ). Table 9 shows that flavanone (m/z 224) and flavone (m/z 222) were the most abundant m/z signals, with a concentration 2-3 times higher than the other five flavonoids. Alcohols such as those shown in signals m/z 230 (n-C 14 ), m/z 216 (n-C 13 ), m/z 244 (n-C 15 ), and m/z 258 (n-C 16 ) were the most abundant diols (Table 10) .
Within the soil lipid class, the unsaturated fatty acids (USFAs) with two or more double bonds were the most abundant group of compounds, followed by saturated fatty acids (SFAs), and a group of m/z signals including alkanes and unsaturated fatty acids (Table 11 ). The USFAs with two or more bonds were almost twice as abundant as the SFAs, and the USFAs with one double bond. Among the USFA with two or more double bonds, heptadecadienoic acid (C 17:2 , m/z 266), hexadecadienoic acid (C 16:2 ), eicosadienoic acid (C 20:2 , m/z 308), linoleic acid (C 18:2 , m/z 280), together with pentadecadienoic (C 15:2 , m/z 238) and tetradecadienoic acid (C 14:2 , m/z 224) were the five most abundant species. We assumed that alkanes and USFs with one double bond contributed each with 50% of the measured abundance for each assigned m/z; as the Py-FIMS analytical technique could not separate their exact contributions. Among the SFAs, lauric acid (n-C 12 , m/z 200), myristic acid (n-C 14 , m/z 228), n-C 15 , palmitic acid (n-C 16 , m/z 256), and margaric acid (n-C 17 , m/z 270) were the most abundant species. The species of SFAs with chain lengths <n-C 10 and for >n-C 20 to n-C 33 were the least abundant fatty acids in all three Oxisol samples (Table 11 ). Table 12 shows that the alkyl radicals identified in the Oxisol ranged from ethyl to octyl, that is, from C 2 to C 8 . The concentration of alkyl radicals in the reference eroded samples was low (~158 000 counts mg −1 ) < reclaimed samples (~387 000 counts mg −1 ) < native samples (~523 000 counts mg −1 ). These alkyl radicals are usually generated by chemical and (or) enzymatic reactions from aliphatic side chains bonded to long aliphatic chains, especially near double bonds, in fatty acids, alkanes, n-diols, and (or) n-alkyl esters. It is also possible that the free alkyl radicals were formed during pyrolysis or in the electromagnetic field of the mass spectrometer.
The N-heterocyclics appeared as the second most abundant class of chemical compounds (Table 13 ). The abundance of N-heterocyclic groups decreased in the following order: pyrazole, substituted pyrazoles and imidazoles > pyrazines and substituted pyrazines > carbazole and substituted carbazoles > quinolines and benzoquinolines >> pyridine and substituted pyridines > indoles and substituted indoles > nitriles > phenylpyridine and substitutes. The first four groups of N-heterocyclics were from two to three times more abundant than the other five groups of N-heterocyclics identified in the three Oxisol treatments (Table 13 ). In the pyrazole and imidazoles group, methylpyrazole derivative species were the most abundant. Examples of the latter involves compounds such as hydroxypyrazole (m/z 84), dimethylpyrazole (m/z 96), and tetramethyl-heptylpyrazole (m/z 222). In all three soils and among the pyrazine and substituted pyrazines, pentamethyl-pentylpyrazine, pentamethylbutylpyrazine, and pentamethyl-propylpyrazine were the most abundant species of all N-heterocyclic compounds. Various species involving methyl derivatives of carbazole, quinolines, phenylpyridines, and indoles were identified frequently and contributed most to the molecular abundance in the groups of N-heterocyclics (Table 13 ).
Discussion
Thermograms of OM volatilization are essentially differential thermal analysis curves, which provide information on the thermal stability of chemical components in SOM during pyrolysis. Differences in the exothermic maxima of SOM volatilization indicate the degree to which components of different molecular complexity have been influenced by microbial processing and physicochemical associations of OM with inorganic components. For example, and in relative terms, the presence of a single thermostable component (>450°C) in the native and reference eroded samples indicates that SOM is highly humified and decomposed and is strongly bound to clay minerals. In addition, the thermally stable SOM pool may also represent complex and polymerized chemical structures (Schnitzer and Monreal 2011) . Conversely, the thermolabile peaks at 320 or <400°C in the reclaimed soil samples indicates the SOM bound less strongly to clay minerals. The presence of thermolabile and less humified OM involving carbohydrates, amino acids, and sterols reflects to a large extent contributions to SOM from pools of fresh OM added via plant residues and sewage sludge in the reclaimed Oxisol.
In general, most SOM in thermolabile and thermostable pools is found in organo-mineral complexes in clay and aggregate fractions, and such OM cannot be separated easily from clay minerals, as reported by Chenu and Plante (2006) . The association between organic and mineral constituents in microaggregate and clay fractions increases the turnover time of SOM (Monreal et al. 1997 (Monreal et al. , 2010 . Soil humic substances, which can make up 60-80% of the total SOM, are mostly stabilized as calcium humates and in reactions with crystalline and amorphous mineral and metal species. For example, the accumulation of humic substances in the fine clay fraction is favoured by expandable phyllosilicates in a Chernozemic soil of Canada (Schnitzer and Kodama 1977) . In Podzolic soils, simple and mobile humic substances are preferentially bonded by Fe and aluminum inorganic species (Tyurin 1953) . Oxisols in Brazil cover approximately 60% of its territory, have an acid pH, are highly weathered, and are dominated by variable-charge components, with relatively low amounts of SOM and variable clay content (Moreira et al. 2008; Ferreira et al. 2010 ).
In our research study, we focused on the chemical molecular components of OM in whole Oxisol samples. Although we did not study soil organo-mineral complexes in the Oxisol, we assumed that most OM was bound in stable organo-mineral complexes, especially associated with the mineral species of Fe, Al, and silicates of the Oxisol (Table 1) . The studied Oxisol presented a high clay content, especially in the native and reclaimed samples, but clay was also present in the reference eroded soil. Complementary chemical analyses of key inorganic components show the presence of Fe, Al, and silicon (Si) mineral species and suggest that SOM in the Oxisol is mostly bound to these mineral species but is also bound to extractable species of Al oxide and hydroxides. The lower content of Al+H species in the reference eroded samples than in the native or reclaimed soil indicates not only differences in the content of these chemical species but also differences in the degree of chemical weathering. The studied native Oxisol that originated from sediments dating from the Tertiary Period (e.g., phyllite and siltstone) has high levels of Al+H, thus it is intensely weathered and leached.
The Al species extracted with calcium chloride solution (0.01 mol L −1 ) form rather stable complexes with SOM by reacting primarily with carboxyl groups and to a lesser extent with phenolic hydroxyl groups. The amount of Al-OM complex formed is dependent on pH and Al 3+ concentration in solution (Bloom 1981; Hargrove and Thomas 1982) . In the reclaimed soil, the content of Al+H was lower than in the native soil, which is also in agreement with the fact that after mechanically removing the top 8.6 m, the experimental plots were established on saprolite, a less weathered regolith present in the original native Oxisol (Kitamura et al. 2008; Taboada-Castro et al. 2009 ). Complementary information also shows that the amount of extractable Fe and Al influences the stabilization of soil C and its availability to soil microorganisms in non-volcanic and volcanic ash derived soils (Monreal et al. 1981; Parfitt and Parshotam 2002; Matus et al. 2014) . Thus, our data suggest that most SOM may be found as organo-mineral complexes in the clay fraction, where Fe 2 O 3 , Al oxides (i.e., gibbsite), and kaolinite predominate (Guilherme and Anderson 1998) . The surface functional groups of inorganic and organic matter species in Oxisols help form strong organo-mineral complexes and in the adsorption of ions and heavy metals (Sposito 1984; Naidu et al. 1994) , especially in the clay fraction than in the sand fraction (Chimchart et al. 2013 ). Future research is warranted on the organo-mineral complexes in the clay fraction of the Oxisol to examine the influence of pedogenesis and the soil reclamation practice on the type of chemical compounds and distribution of SOM at the nano-and microscales. To present, the temporal and spatial organization in architectural units and mechanisms of interactions of natural polymers of humic substances and their coverage of soil mineral surfaces are, to a large extent, still unclear (Dümig et al. 2012 ).
In addition, our results showed that thermally stable lipids, alkylaromatics, and N-heterocyclics volatilized at >450°C from the Oxisol samples, results that parallel the thermal stability shown by the same chemical classes of compounds observed in old SOM (i.e., 450-1200 years) residing in the clay and nano-size fractions of a thin Black Chernozem, and microaggregates <50 μm of a Gleysol of Canada (Monreal et al. 1997 (Monreal et al. , 2010 . From our data, we hypothesize that thermostable SOM classes (i.e., alkylaromatics, lipids, phenols+lignin monomers) in the Oxisol are associated with Fe, Al, and Si mineral species. Noteworthy, our findings on thermostable SOM are consistent with the hypothesis that alkylaromatics conform the central structural unit (i.e., backbone) of soil humic substances, to which other classes of compounds, such as lipids and phenols, are bound by covalent bonding during the biotic synthesis of soil humic substances via polyketides (Schnitzer and Monreal 2011) . As determined by Py-FIMS, the native Oxisol presented about 100 times higher total molecular IIs than a Dark Brown Chernozem developed under native grassland, even though both soils have similar C content but with different pedogenetic histories (Schulten et al. 1995) . Figure 3 represents a simple model system that integrates data obtained from the elemental analysis, thermograms, and mass spectra during the chemical characterization of SOM by Py-FIMS. In Fig. 3 , the x-axis represents the degree of physicochemical stabilization of SOM to colloidal surfaces of Fe-, Al-, and Si-containing minerals, and the y-axis represents the degree of humification of plant residues and dead microorganisms by active soil organisms. The curved dashed lines represent continuum domains that link biotic and abiotic processes in time and space. Figure 3 shows that SOM in the 0-5 cm depth of the reference eroded soil is found at the extreme of the x-axis, this is, being largely stabilized by physicochemical reactions to inorganic minerals. The SOM in the reference eroded soil reflects mostly the presence of OM present in the saprolite before the removal of the top 8.6 m of soil material, as this reference soil has no C inputs such as plant or other organic residues. In addition, microbial humification processes would be negligible during the first 8 years of the experiment. Thus, SOM in the reference eroded soil is likely associated with old SOM leached over thousands of years from the A horizon, and less likely associated with rhizodeposition from native species or biotic humification, as indicated by the soil C/N ratio, and the small amount of microbial biomass indicated by the low abundance of ergosterol (m/z 396) (Table 14) , an indicator of soil fungi (Montgomery et al. 2000) , and esters of suberin, indicators of root polymer components (Table 15 ). In the native Oxisol, most SOM in the A horizon appears to be highly humified by microbial processing but also strongly bound to inorganic surfaces during pedogenesis, as indicated by C/N ratios and the thermal stability of SOM. Interestingly, the stable and possibly old SOM appears to be associated with structures of alkylaromatics, phenols, and lignin monomers and dimers, with contribution of N-heterocyclics, as indicated by Py-FIMS. In comparison, the SOM in the reclamation treatment represents, to a large extent, the effects of fresh organic residues returned by trees and grasses, roots, plus those in the sewage sludge. This SOM appears with relatively lower degree of microbial humification and physical stabilization than the SOM found in the native Oxisol, as indicated by the C/N ratio, the thermal evolution of volatilized chemical compounds, and the existing slow weathering regime. The abundance of thermolabile pools of carbohydrates, amino acids, and sterols contributed significantly to the SOM in the reclaimed soil. The interpretation of the main biotic and abiotic processes depicted in Fig. 3 shows the main influences of pedogenesis and soil reclamation on SOM content and chemical quality. These results show that the relative contributions of humification and abiotic stabilization processes on the chemical structures of SOM in the three Oxisol treatments.
Conclusions
Data from the elemental and Py-FIMS analysis show that relative to the reference eroded soil samples, total organic C and N contents in the top 5 cm of soil were highest in the native soil, followed by the reclaimed soil samples. The SOM in the surface layer of the reference eroded soil was mostly bound to inorganic colloids, with little influence of soil microorganisms. In the native treatment, SOM appeared to be highly humified and strongly bound to inorganic minerals, reflecting the long-term effect of biotic and abiotic pedogenetic processes. In the reclaimed soil, the chemistry of SOM reflects C and N inputs derived from fresh plant residues and sewage sludge, and reflects a low degree of humification and physicochemical stabilization. Humified and thermally stable SOM involved mostly alkylaromatics, lipids, phenols+lignin monomers, lignin dimers, and N-heterocyclics. Conversely, thermolabile pools of SOM involved mostly carbohydrates, amino acids, and sterols, chemical classes that predominate the reclaimed Oxisol. Relative to the reference eroded and reclaimed soil samples, the native Oxisol presented a higher abundance of lignin dimers, n-alkylbenzenes, flavonoids, n-diols, N-heterocyclics, nitriles, alkyl radicals, and sterols plus steroids.
